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Abstract
Temporal analysis of the chromatic flash visual evoked potential (VEP) was studied in human subjects with normal and
anomalous colour vision using a deterministic pseudo-random binary stimulus (VERIS). Five experiments were carried out on
four normal subjects investigating heterochromatic red–green exchange and single colour:achromatic (either red:grey or
green:grey) exchange over a wide range of luminance ratios for the two stimuli, the effects of lowered mean luminance on the
chromatic VEP and the effects of colour desaturation at constant mean luminance and constant luminance contrast. Finally, the
performance of three dichromats, a protanope and two deuteranopes, on heterochromatic exchange VEP and on colour
desaturation were investigated. In contrast to the chromatic electroretinogram, which shows great symmetry with respect to
luminance ratio on opposite sides of the isoluminant point, the chromatic VEP demonstrated a distinct asymmetry when the
colours exchanged included red. On the red side of isoluminance (red more luminant than green), a wave with longer latency and
altered waveform became dominant. The effects of green stimulation were indistinguishable from those of achromatic stimulation
at the same luminance contrast over the whole range of chromatic contrast and for all levels of desaturation studied. Desaturation
of red with constant luminance contrast (desaturated red:grey stimulation) resulted in a systematic alteration in the evoked
waveform. Subtraction of the achromatic first- and second-order responses from responses recorded in the red desaturation series
resulted in remarkably uniform waveforms, with peak amplitudes growing linearly with saturation. The absence of interaction
between achromatic and coloured components for all (including the most intense colour) stimulus parameters used suggests that
the generators of these components are separate. Recordings from the dichromats showed that the contrast response minimum
shifted from the point of photopic isoluminance to the point of zero cone contrast (at the silent substitution point) for the
remaining cone type. The waveforms recorded with a series of luminance ratios were much simpler than those recorded from
trichromats and symmetrical with respect to their isoluminant points. Despite the indication of the presence of L cones of
apparently normal spectral sensitivity in the deuteranopes (on the basis of flicker photometry), there was no evidence for a
red-sensitive component in the desaturation or heterochromatic stimulation series. The results are discussed in terms of the
possibility of separate generation of chromatic and achromatic contributions to the VEP. © 1998 Elsevier Science Ltd. All rights
reserved.
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1. Introduction
Many studies over the past three decades have indi-
cated that the processing of colour information in the
visual system of primates is at least partially segregated
from processing of achromatic features. The segrega-
tion starts in the retina where the output of the three
different cone types combines to produce colour-oppo-
nent cells, and also broad-band cells [1]. In the lateral
geniculate nucleus (LGN), the segregation is main-
tained with colour-opponent cells being restricted to
parvocellular laminae [2,3]. Although the processing of
colour in the striate cortex is still not fully understood,
and there is strong evidence for cross-talk between
channels [4], many studies have pointed to a specific
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role for the cytochrome oxidase blobs in colour pro-
cessing [5–7].
While early attempts were made to identify particular
hues with specific wave forms of the human visual
evoked potential (VEP) response [8,9], Estevez and
Dijkhuis warned against a simple interpretation of dif-
ferent forms of the VEP in response to isoluminant
modulation of various colours as evidence of chromatic
coding [10]. Using a checkerboard stimulus, they pro-
duced similar responses to luminance and chromatic
modulation and concluded that ‘spatial contrast, not
colour, is the only relevant attribute to the stimuli’.
Different colour specific components in the VEP
have been identified using various stimulation modes.
In 1989, Kulikowski and co-workers, who used low
spatial frequency chromatic and achromatic grating
onsets, showed that chromatic red:green stimulation
evoked a significant negative response at a peak latency
of :130–140 ms while achromatic stimulation pro-
duced an opposing positive component at the same
latency [11]. However, they did not report any hue
specificity and pointed out that away from isolumi-
nance, colour or dominant wavelength does not influ-
ence the shape of the VEP response. According to these
authors, the VEP evoked by black:red or black:green
stimulation looks identical, mainly reflecting the activ-
ity of an achromatic channel; whereas isoluminant stim-
ulation produces a colour-dependent signal. To support
the idea that the red:green negativity recorded in nor-
mals is specific to colour contrast, they used the identi-
cal stimulus with colour defective subjects and showed
virtually no response around isoluminance. Berninger
and co-workers, who used patterned stimuli in appear-
ance:disappearance and reversal modes to evoke re-
sponses to isoluminant colours also found a major
negativity around 130 ms latency in trichromatic sub-
jects; however, colour anomals showed no response at
all at this latency [12].
Studies of low spatial frequency (1 cpd) colour sinu-
soidal gratings (appearance:disappearance mode) in a
three-dimensional colour space also showed a signifi-
cant negative potential at isoluminance for both the
L–M and S cone axes [13,14]. With a mixture of
achromatic and chromatic contrast, the response also
was always dominated by the chromatic component. By
comparison, Girard and Morrone demonstrated a max-
imal amplitude for pure luminance contrast stimuli, a
minimum for intermediate colour luminance ratios
(around 0.3 and 0.7) of red and green colours and with
a secondary peak at isoluminance (0.5), thus producing
a ‘W’ shape [15]. They also demonstrated a constant
difference in latency between achromatic and chromatic
stimulation, with the former leading by :35 ms.
The use of unstructured equibright colour stimuli
allowed Paulus and co-workers to avoid complications
of patterned stimulation, such as the masking effect of
the pattern evoked component itself, chromatic aberra-
tions and also the necessity to maintain precise fixation
[16,17]. Their main finding was the presence of a colour
specific component (N87), with a distinct red bias in
terms of response amplitude. This was interpreted as a
response of geniculate afferents in the dendritic arbori-
sation of cortical cells (i.e. layer IVc of the striate
cortex) rather than that from the next step in cortical
processing.
This approach was taken further in primates by
Givre et al. in attempting to find a source of the colour
component of the VEP [18]. They used laminar profiles,
current source density analysis and multiunit activity
methods to analyse the responses to full-field coloured
and achromatic flashes. Chromatic stimuli (compared
with achromatic) were found to produce a dramatic
enlargement of transmembrane current flow in predom-
inantly P-like layers of V1 and also in the supragranu-
lar layers, while there was no increase of activity in
M-dominated layers. They also noticed that the colour
effect has a wavelength-dependent nature with red pro-
ducing 140–350% increases in signal amplitude (com-
pared with achromatic stimulation); whereas green
stimuli did not significantly increase response
amplitude.
Our previous work has demonstrated that the achro-
matic flash VEP possesses temporal non-linearities that
naturally separate M-like and P-like contributions on
the basis of interaction (or recovery) time between
successive stimulations [19].
The main purpose of present study was to investigate
the possibility of the separation of the colour and
luminance channels using temporal analysis of the mul-
tifocal chromatic VEP to derive new information re-
garding the contribution of the colour-coding pathway
to chromatic evoked potentials. Our primary objective
for the use of diffuse coloured stimuli was to avoid the
masking effect of a response evoked by the pattern
attribute of the stimulus. In addition, the majority of
colour-sensitive cortical cells (at least in areas V1 and
V2) are poorly oriented and produce the same response
to spatially uniform colour stimulation as to any grat-
ing [20,21].
2. Methods
The electrophysiological method used was the
VERIS system for topographic and temporal analysis
of evoked potentials (Electro-Diagnostic Imaging, San
Mateo; [22]). It is based on the Wiener kernel expan-
sion and utilises a deterministic pseudo-random binary
exchange at each of a number of sites (61 sites used in
this study) of the visual field. First- and higher-order
kernels were computed but only the first- and the
second-order kernels were analysed. The first-order re-
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sponse (K1) can be thought of as the sum of all
responses to the first stimulus state minus the sum of all
responses to the second stimulus state, i.e. 0.5(R1R2),
while the first slice of the second-order response repre-
sents the comparison for consecutive display monitor
frames containing a transition to those where no transi-
tion occurred, i.e. 0.25(R11R22R12R21). While
the first slice of the second-order response (K2.1) relates
consecutive frames, the second slice (K2.2) compares
responses with an extra intervening frame (summed
over all stimulus polarities). Thus the first slice repre-
sents the interaction present at a time scale of :15 ms,
the second slice interaction at a time scale of 30 ms (one
intervening frame) and so on.
This temporal analysis method has some distinct
advantages compared with conventional recordings.
The first-order kernel includes all possible (for a partic-
ular m-sequence) temporal frequencies up to one half of
the screen refresh rate in equal weight [23], e.g. for an
m14 sequence (used in our experiments), the range of
temporal stimulus exchange rates contributing to the
first-order response (K1) varied from 4.8 to 33.5 Hz
(though due to the stroboscopic nature of the video
display monitor responses at the frame refresh rate are
to be expected). Such a wide spectrum of temporal
frequencies undoubtedly stimulates elements of the
both the faster luminance and slower colour pathways.
Thus Pokorny et al. [24] showed that a temporal fre-
quency of :4 Hz stimulates both colour and lumi-
nance channels adequately well. This is further
reinforced by the perception of colours under our stim-
ulation conditions.
On the other hand, the second-order kernel is de-
scribed as a series of successive slices, each reflecting the
non-linearity at one particular temporal frequency, thus
allowing the separation of non-linear contributions of
rapidly and slowly adapting components of the
response.
A full theoretical expose´ can be found in Sutter’s
article [22].
2.1. Subjects
Four colour normal and three dichromats (one pro-
tanope and two deuteranopes) were used in the study.
All subjects were given a routine visual examination in
which it was assessed that clear vision of the stimulus
screen would be obtained. The colour vision of the
three colour-anomals was tested using standard, en-
larged and L’Anthony’s desaturated Farnsworth-Mun-
sell D-15 and H-16 tests, the Ishihara standard
pseudo-isochromatic plate test, the 40 hue test and the
Nagel anomaloscope. The subjects comprising our nor-
mal group were classified as having clinically normal
colour vision. In addition, a computer-based hete-
rochromatic flicker photometry test (for assessing isolu-
minance) was administered on the same monitor as was
used for the VERIS stimuli. One subject was clearly a
protanope, while the other two could be clearly defined
as deuteranopes.
2.2. Recording
The VEP was recorded using a gold cup electrode,
placed at position Oz referenced to position Fz. The
ground electrode was placed on one ear. The signal was
amplified 200000 times and band-pass filtered between
3 and 100 Hz. The data sampling rate was 500 Hz. The
distance to the screen was 500 mm, corresponding to a
total vertical subtense of the stimulus of 20°.
The m14 stimulus sequence used (divided into
eight slightly overlapping segments) was of total length
2141 frames, corresponding to a 4 min recording
period.
2.3. Stimuli
Visual stimuli were generated on a CRT screen (14
in. Macintosh high resolution display). A standard
stimulus of 61 equal-sized hexagons was used in all
experiments. The central hexagon subtended :2°. All
hexagons were alternated in pseudo-random sequences
between two colours (in heterochromatic mode) or
between colour and grey (in both achromatic and desat-
uration modes). The effects of changes in luminance
ratio or saturation of the two stimuli on the recorded
evoked response were monitored (see particular experi-
ments for variation in experimental parameters). As the
results from only the central hexagon were analysed,
there was an effective surround of the same mean
luminance, chromaticity and temporal characteristics.
The luminance and spectral characteristics of the
screen were measured using a spectroradiometer (Top-
con SP-1) at intervals of 5 nm. In the majority of
experiments mean luminance was maintained at 24
cd:m2 (mean luminance for the low luminance experi-
ment was 10 cd:m2). The CIE co-ordinates for the
monitor red were: x0.65, y0.31; for green: x
0.29, y0.61; which corresponded to dominant wave-
lengths of 617 and 547 nm, respectively. Isoluminant
white corresponded to x0.29, y0.30 in CIE co-
ordinates.
The silent substitution method [25,26] was employed
in order to isolate the responses from a particular type
of cone (L or M in this experiment). The method relies
on adjusting the intensities of two stimuli of different
chromatic composition such that one of the cone types
does not change its level of excitation upon exchange of
the two stimuli. Thus, for our stimulus monitor, the
estimated silent substitution points occur for green:
(greenred) luminance ratios of 0.62 and 0.35 for red
(L) and green (M) cone types, respectively. These values
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were derived as follows: the amount of the cone excita-
tion produced by a particular colour was calculated by
integrating the product of the spectral power distribu-
tion of the screen phosphors with the spectral sensitiv-
ity of the various cone types,
S
&
380
760
Pcol(l)scone(l).
2.4. Heterochromatic flicker photometry and
heterochromatic brightness matching
The isoluminant point was determined for each sub-
ject by the method of flicker photometry (HFP) using
the same computer monitor as used for the VERIS
stimulation. A foveally fixated 2.5° diameter circle was
flickered between green and red (or between colour and
white for the desaturation experiments) at a frequency
of 17 Hz (which is beyond the temporal resolution of
the psychophysical colour channels). The subject ad-
justed the relative luminances for a perception of mini-
mal flicker. The results, checked through the use of a
Topcon spectroradiometer (SR-1), showed close corre-
spondence (see Table 1).
We compared HFP and heterochromatic brightness
matching (HBM) results using red and green of differ-
ent levels of desaturation, similar to those employed in
our VEP experiments. The luminance of all tested
colours were matched carefully to that of a white
reference at 20 cd:m2 by HFP and then the same white
reference was adjusted to match their brightness em-
ploying the HBM paradigm (a 4° foveolarly presented
bipartite field). During the HBM test, the luminance of
the coloured stimuli in one half of the field was held
constant and intensity of the reference white in the
other half of the field was adjusted to equal apparent
brightness.
3. Results
3.1. Heterochromatic stimulation—first-order kernel
In a series of recordings, the luminance ratio G:(G
R) was varied between 0.27 and 0.66 for all four colour
normal subjects. All recordings showed very similar
results in terms of both waveform and latencies. A
representative series of traces is shown in Fig. 1A.
The most obvious feature of the first-order kernel
responses, is an absence of a distinct amplitude mini-
mum at isoluminance. In fact, the isoluminant point
does not appear to be a special point in terms of the
first-order kernel waves. This differs from the multifo-
cal chromatic electroretinogram, where the first-order
responses are highly symmetrical with respect to the
isoluminant point [27]. Instead, for the heterochromatic
VEP, a decrease in the G:(GR) luminance ratio (i.e.
increasing red luminance and decreasing green lumi-
nance) led to a significant increase in the amplitude of
the signal, while the waveform maintained approxi-
mately the same shape as at isoluminance. However
increasing the G:(GR) luminance ratio from isolumi-
nance to higher values (i.e. in the ‘green’ direction)
resulted in a dramatic change not only in amplitude but
also in waveform. The triphasic pattern (N90-P120-
N150) characteristic of the ‘red’ side of isoluminance
(G:(GR)B0.5) disappeared on the ‘green’ side (G:
(GR)\0.5), being replaced by a small multipeaked
response.
In another subject, we extended the range of lumi-
nance ratios to 0.18–0.85 G:(GR), and also used
smaller steps. The results (presented in Fig. 1B) showed
that as the ratio approached its lower limit, the wave-
form remained unchanged and the amplitude continued
to grow (with a particular increase in the late N200
component), while increases in the intensity of green
(i.e. as the luminance ratio becomes larger) produced
smaller amplitude double-peak negative waves, charac-
teristic of achromatic stimulation. Also, the evoked
activity terminated earlier.
A possible artifactual cause of such an asymmetry is
that while the saturation of green produced on the
monitor maintains almost constant values throughout
whole luminance ratio scale used, the red may well be
less saturated at the green extreme than for the rest of
the range.
To test this hypothesis, we performed another exper-
iment, using a lower mean luminance setting of the
display screen (10 cd:m2), which did not produce any
significant base illumination and thus did not desatu-
rate the colour of the red stimulus, even if the amount
of colour used in the stimulation was very small. We
also extended the range of the luminance values up to
the maximum possible, i.e. 0 (for black:red stimulation)
to 1 (for green:black stimulation). However, the result
Table 1
Minimum flicker luminance ratios for trichromatic and dichromatic
subjects
Subject Protan DeutanSP-1
2DK DC 1LA AK
0.50 0.610.33 0.6300.50 0.51 0.50 0.49
The value of the luminance ratio G:(RG) as measured using a
Topcon spectroradiometer (SP-1) under conditions of minimum
flicker for the four subjects with normal colour vision and for the
protanope and the deuteranopes. It is clear that the trichromatic
subjects perceive minimum flicker at very close to the photometric
isoluminant point (0.50), while the protanope requires relatively much
more red and the deuteranopes much more green than their normal
counterparts.
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Fig. 1. (A) Heterochromatic colour-exchange VEPs recorded from a trichromatic subject with normal colour vision (subject LA). The figure shows
the first-order kernels generated with a range of green–red stimuli where the G:(GR) luminance ratio varied from 0.27 to 0.66. Significantly,
at isoluminance (G:(GR)0.5), the amplitude is non-zero indicating a generating mechanism other than luminance contrast sensitivity. The
response is much larger and of different waveform on the red side of isoluminance (where the red luminosity is greater than the green luminosity).
(B) First-order responses from a second subject (AK) over a wider G:(GR) luminance ratio range. Particularly noticeable is the growth of the
P120, N150 and P200 peaks as the amount of red in the stimulus increases (ratio becoming smaller). On the green side of isoluminance, the
latencies are shorter and for high values of the ratio, the main response is multiphasic.
of the experiment (shown in Fig. 2) did not validate this
hypothesis, but rather duplicated the main features of
the experiments performed under the higher luminance
setting.
Two further observations can be made from the
figures: first the minimum of the response occurred not
at isoluminance but rather between 0.56 and 0.7 G:
(GR) ratio, evidence for a strong interference be-
tween luminance and colour components. Also, the
form of the first-order kernel VEP response on the
green side of the luminance ratio scale changes
markedly from low to high luminance contrast (com-
pare Fig. 1B and Fig. 2).
3.2. Second-order kernel
The power of the second-order kernel was mainly
concentrated in the first two slices and thus we re-
stricted our analysis to such a consideration. In both
high and low mean luminance settings, the second-or-
der kernels demonstrated similar waveforms. Both
slices showed a triphasic (N100-P125-N160) waveform
at isoluminance (see Fig. 3A and B), which resembled
the signal of the first-order kernel and did not change
greatly toward the red side of the luminance scale
(except for the red extreme, where the amplitude dimin-
ished and became double-peaked). However, on the
green side of isoluminance, an increase in the intensity
of green produced a distinct early N-P-N complex
(latencies about 80-100-120 ms, respectively) which
gradually increased in amplitude toward the green ex-
treme and eventually completely dominated the
response.
Thus, contribution of two components are iden-
tifiable in the second-order kernel slices with one longer
latency component being more prominent around isolu-
minance and on the red side of isoluminance, and a
second shorter latency component that is most easily
observed for high values of the luminance ratio. Inde-
pendence of the two components is suggested by the
presence of both in some recordings (see for instance
waves recorded in the range 0.5–0.8 luminance ratio,
Fig. 3C) and the gradual development of each depend-
ing in different ways on the luminance ratio of the
stimulus (see Fig. 3C).
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3.3. Monochromatic stimulation
To clarify to what effect the different colours used in
the heterochromatic series may have had on the form
and amplitude of the VEP recorded, single colour red:
grey or green:grey stimulation was employed. In this
experiment the full scale of chromatic:(chromatic
achromatic) luminance ratio i.e. from colour:black (lu-
minance ratio 1.0) to black:white (luminance ratio 0.0)
was used. The luminance ratio 0.5 again corresponds to
isoluminant grey:colour stimulation. We also compared
the results of chromatic stimulation with achromatic
recordings performed with the same level of luminance
contrast (which was equated by flicker photometry for
each subject). Results of this procedure, shown in Figs.
4 and 5, demonstrated striking differences in waveform
and timing of the both first- and second-order re-
sponses depending on stimulus colour.
Green:grey stimulation resulted in first- and second-
order kernels that both showed a symmetrical relation-
ship to the isoluminant point. The achromatic first- and
second-order responses recorded under the same levels
of luminance contrast appeared almost identical to the
green:grey recordings in both kernels. As would be
predicted for pure luminance contrast stimulation, there
is a polarity change and minimum at the isoluminant
point for both kernels. The second-order kernel was
mainly represented by an early triphasic component
(see Fig. 4).
By comparison, the red:grey stimulation series
yielded a much more complicated picture (see Fig. 5).
The first-order kernel (K1) (see Fig. 5A) exhibited a
substantially larger amplitude and longer latency for
high values of the red:(redgrey) luminance ratio (i.e.
where the red was more luminant than grey) with a
significant signal remaining at isoluminance. The wave-
forms of the first-order kernel response were not sym-
metrical (with respect to the isoluminant point), rather
resembling the waveforms from the green:red hete-
rochromatic exchange experiments reported above.
Second-order kernels for red:grey stimulation also
demonstrated a very similar pattern to those for hete-
rochromatic (red:green) stimulation. The first slice
waveforms gradually changed from representation by
the short latency component (seen in achromatic
recordings) at low red:(redgrey) luminance ratio val-
ues, to a doubled peaked waveform at high values of
the luminance ratio (see Fig. 5B). The second slice
followed this tendency, but with a rather smaller contri-
bution from the short latency component.
Thus, green stimulation produces distinctly different
responses from red stimulation. Increment and decre-
ment of green luminosity produces waveform changes
symmetrical with respect to isoluminance for both first-
and second-order kernels and with minimal amplitudes
(changing sign in K1) at luminance unity. For red
increments and decrements, a gradual increase in the
proportion of red results in dramatic change in the
waveform and amplitude in both first- and second-or-
der kernels. Also, the waveforms do not vanish at
isoluminance.
3.4. Effect of desaturation on chromatic VEP
According to definition, colour saturation is the im-
pression of the amount of pure colour presented in a
stimulus [28] or ‘is a measure of strength of the colour’
[29]. Thus, to quantitatively assess the influence of
particular colours (red or green) on the first- and
second-order VEP, we analysed the dependence of am-
plitude and waveform of the evoked cortical signal on
the level of colour saturation.
We recorded the cortical potentials, systematically
desaturating pure red or green in small steps, while
maintaining their luminance contrast at a constant level
of :30% and mean luminance at a constant 24 cd:m2.
Seven steps of desaturation for both colour were used.
Saturation was defined as the ratio Lc:(LcLw), where
Lc is the luminance of the ‘pure’ colour stimulus and Lw
Fig. 2. Responses for heterochromatic green:red exchange at a lower
mean luminance (10 cd:m2) than for Fig. 1. The stimulus range was
from 0 to 1 on the G:(GR) luminance ratio scale. The dominant
signal for the red side of isoluminance is now a triphasic late wave,
with chief deflections at P120, N150 and P200 (ms), while for
luminance ratio1, the chief disturbance was described by deflec-
tions (P80, N100 and P 130); subject AK.
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Fig. 3. (A) Second-order responses (recorded at mean luminance 10 cd:m2). The first slice showed two different components—one prevalent on
the red side of isoluminance and the other prevalent on the green side, characterised by shorter latencies and gradually increasing in amplitude
towards the green extreme. At the smallest values of the luminance ratio a double peak emerged. (B) The contribution of the early component
to the second slice of the second-order response at high luminance ratio is overall smaller compared with the first slice and the amplitude of the
longer latency slice appears to be greater. Other features of the responses are similar; subject AK. (C) The presence of two waves with different
functional dependence on the luminance ratio becomes obvious when the green side of the luminance ratio scale is studied carefully using the first
slice of second-order response. An early component with a major positivity at :100 ms shows strong luminance contrast dependence, while a
longer latency component with a broad major positivity (120–130 ms latency) exists which provides a large contribution to the response at
isoluminance, but which does not contribute greatly as the luminance ratio tends to 1; subject AK, mean luminance 24 cd:m2.
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Fig. 4. Monochromatic recordings—green, VEPs (K1 and K2.1) resulting from green:grey exchange recorded over a range of G:(GGrey)
luminance ratios from 1 to 0 (solid black lines). Shown on the same graphs are the achromatic responses recorded at the same luminance contrast
(shaded plots). (A) The first-order kernel K1 demonstrated a minimum (and polarity reversal) at isoluminance (ratio0.5), while away from
isoluminance, the responses were symmetrical with respect to the isoluminant point. (B) The second-order kernel (first slice K2.1) is extremely
simple, demonstrating a single waveform positivity peaking at 120 ms. Note that the mean luminance for all recordings were identical (24 cd:m2).
represents the luminance of an isoluminant reference
grey stimulus.
Because the saturation purity of maximally saturated
red and green used was slightly different (0.9 for red
and 0.83 for green) saturations were scaled to the
maximally saturated red. Determined in such a way,
levels of saturation of red were 100, 88, 67, 49, 34, 14,
5 and 0% and for green: 92, 81, 62, 45, 31, 13 and 4.6%.
Thus, maximal saturation (100% for red and 92% for
green) corresponded to maximal colour (red or green)
intensity available on the monitor, while saturation of
0% means the stimulus was white.
The results of colour desaturation were consistent
across all subjects. Thus, desaturation of green (see Fig.
6A) produced almost no change (in either first- or
second-order kernel responses) in amplitude or wave-
form from maximally saturated green:grey stimulation
to completely desaturated (i.e. achromatic light grey:
grey) stimulation. As suggested by the earlier experi-
ments, desaturation of red (see Fig. 6B) resulted in
dramatic but systematic alteration of form and ampli-
tude of the signal in both kernels.
The first-order kernel altered from a long latency
high amplitude triphasic (N110-P140-N190) complex
for saturated colour to a smaller and shorter latency
response under achromatic stimulation. The first slice
of the second-order kernel showed a distinct difference
between the longer latency component (peak latency
120 ms) evoked by highly saturated colour and the
shorter latency (100 ms) component for achromatic
stimulation with gradual transformation from one to
the other. Significant alterations also occurred in the
second slice, which gradually changed with desatura-
tion from a monophasic to a biphasic waveform.
The form of the data indicated that the luminance
contrast and colour evoked potentials were possibly
independent of each other, showing little sign of inter-
action. In order to test this hypothesis, we subtracted
the pure luminance (achromatic) VEP signal from all
other recordings in the desaturation series. As expected
from the results displayed in Fig. 6A, subtraction of the
achromatic response from the green desaturation series
yielded virtually zero resultant in all cases (see Fig. 7).
However, subtraction of the achromatic evoked po-
tential from the red desaturation series (as expected
from Fig. 6B) produced a remarkably stable signal in
both first- and second-order kernels (see Fig. 8A),
which was characterised by an almost constant wave-
form and with an amplitude which appeared to be
linearly dependent on the saturation of the red con-
tained in the stimulus (see Fig. 8B).
This suggests that the chromatic first- and second-or-
der kernel responses evoked by red stimulation com-
prises two components: one dependent on luminance
contrast and the second which is dependent on the
saturation of red in the stimulus. The relative indepen-
dence of the proposed luminance and colour compo-
nents was confirmed by modelling the red desaturation
series. We fit the first- and second- (K2.1 and K2.2)
order kernel waves by a linear combination of two
templates: the first template was the achromatic re-
sponse, while the second was the ‘pure colour compo-
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Fig. 5. Monochromatic recordings—red, VEPs resulting from red:grey exchange recorded over a range of R:(RGrey) luminance ratios from
1 to 0 (solid black lines). Shown on the same graphs are the achromatic responses recorded at the same luminance contrast (shaded plots). (A)
The first-order kernel K1 for red stimulation demonstrated a complicated waveform with multiple peaks and no symmetry with respect to the
isoluminant point. The waves were markedly different from the achromatic recordings at the same luminance contrast on the red side of
isoluminance having different numbers of peaks and different latencies. (B) The second-order kernel (first slice K2.1) is also more complicated for
red, cf. achromatic stimulation, showing a late wave on the red side which vanishes as the amount of red in the stimulus diminishes.
nent’ derived by subtraction of the achromatic VEP
from the maximally saturated chromatic (red) VEP.
The results of this procedure showed a good fit (shown
for the first-order kernel, see Fig. 9A). The graph of the
fitting coefficients as a function of saturation for K1,
K2.1 and K2.2 showed an almost constant coefficient
for the luminance contrast component, in accordance
with the constant level of luminance contrast main-
tained throughout the series while the chromatic coeffi-
cient demonstrated an almost linear growth with
saturation (see Fig. 9B).
3.5. Chromatic VEP in colouranomals
The hypothesis of separate achromatic and chromatic
contrast components of the first- and second-order VEP
was tested by recording subjects who have a signifi-
cantly reduced ability to distinguish colour, namely,
colouranomals. We recorded from three congenital
dichromats, a protanope (deficient in the retinal red
cone pigment) and two deuteranopes (deficient in the
green cone pigment), carrying out heterochromatic
stimulation with different green:(greenred) lumi-
nance ratios and investigating the effects of desatura-
tion on the VEP.
The results of the heterochromatic stimulation exper-
iment, in both protanope and deuteranopes, demon-
strated a completely different and much more simple
picture compared with that from a normal trichromatic
subjects (compare Figs. 1 and 2 with Figs. 10 and 11).
In both cases, (see Figs. 10 and 11), the waveforms of
the first- and second-order kernels were quite symmetri-
cal relative to certain points on the green:(greenred)
luminance scale, the first-order kernel changing polarity
at this point, while the second-order kernel approached
a minimum without polarity reversal. However, in both
cases, the point of polarity reversal was not the point of
photopic isoluminance, but rather the point of subjec-
tive isoluminance (determined by heterochromatic
flicker photometry). For the subject with the red pho-
topigment defect, this point of symmetry was at G:
(GR)0.35, while the subjects with a green pigment
defect showed a minimum response around G:(G
R)0.6 (see Fig. 12). These points correspond quite
closely with the calculated points of silent substitution
of the M and L cones, respectively. This allows us to
suggest that the chromatic VEP in the colouranomalous
subjects depends solely on the signal from the remain-
ing type of cones, in which case cone contrast corre-
sponds to achromatic luminance contrast [30] (and
agrees with minimum flicker estimates). This finding is
reminiscent of our findings in ERG recordings from
colouranomals [27].
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Fig. 6. (Caption opposite)
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We also compared the heterochromatic red–green
recordings with achromatic VEPs recorded from the
same subjects (bottom curves in Figs. 10 and 11) and
found that the chromatic VEP of colouranomals mim-
ics the black:white recordings, another confirmation
that in these cases we are recording from a luminance
contrast-sensitive channel.
In a second part of this experiment we desaturated
(in five steps) the colour of both green and red stimuli,
using a constant achromatic contrast analogous to that
used with normal colour vision subjects (see above). As
in the case of recordings from trichromatic subjects, we
also equated the luminance of the stimuli at all levels of
saturation for both subjects by flicker photometry.
No differences were recorded between responses to
saturated or desaturated stimuli, not only for green
stimulation (not shown), but also for red (see Fig. 13).
Thus, the VEP desaturation series shown for a deutera-
nope (Fig. 13) demonstrated a very stable waveform in
both first- and second-order kernels at all saturation
levels without any signs of an additional ‘colour com-
ponent’, which was so characteristic in subjects with
normal colour vision. However, while the waveforms
were simple, they appear markedly different from those
recorded from achromatic stimulation of a trichromatic
subject (at the same luminance contrast and same mean
luminance, cf. Fig. 6B). The VEPs recorded from the
protanope also showed no evidence of colour
sensitivity.
3.6. The brightness:luminance ratio
In all the experiments described above we used isolu-
minant settings, equated by subjective heterochromatic
flicker photometry (HFP), i.e. based on the photometric
Vl function. However, at low temporal frequency (or
under static conditions) differences exist between HFP
and heterochromatic brightness matches (HBM),
namely, equiluminant lights of different colour do not
seem equally bright (Helmholtz–Kohlrausch effect)
[21,28]. This effect is minimal for midspectral colours
and particularly pronounced for end-spectral wave-
lengths [31], where it produces an almost linear depen-
dence of the brightness:luminance ratio on saturation
of the stimulus [32]. It has been proposed that HFP is
mediated by the achromatic channel and that HBM is
determined by the mixed activity of achromatic and
chromatic channels [33]. Thus, the difference between
the two processes was thought to reflect the activity of
a pure chromatic channel [34–36].
Thus, to test whether the above hypothesis is relevant
to our results we compared HFP and HBM results
using red and green of different levels of desaturation,
similar to those employed in our VEP experiments. The
results of this study (mean of five trials) showed that
increment in the saturation of the green required an
insignificant increase of photometric luminance of the
reference white in order to balance the coloured stimuli
in the HBM task. However, an increment in saturation
of red led to a proportional and considerable increase
of luminance of the white standard in order to match
brightness. The ratio of photometric values of white
required to match the red and green stimuli at different
levels of saturation in the HBM compared with the
HFP task (the so-called brightness:luminance ratio
[37]), show very similar results (see Fig. 14) to those
derived by Wyszecki and Stiles from the desaturation of
red (dominant wavelength: 601 nm) (see figure 9.32 in
[37]).
4. Spectral sensitivity of the colour component
In an attempt to confirm whether the additional
colour component was colour-opponent in nature, the
spectral sensitivity of the isoluminant diffuse chromatic
VEP also was studied. Isoluminant stimuli of different
hues were alternated with equiluminant white. How-
ever, due to low excitation purity of all colours below
547 nm (except pure blue—dominant wavelength 465
nm) for the screen used, only a limited spectral range
(dominant wavelengths between 547 and 617 nm) was
employed.
Prior to the experiment, the equiluminant points for
all colours used were determined for each subject by
using a flicker photometry technique against equilumi-
nant white. All colours tested were equated in excita-
tion purity, i.e. normalised with respect to the lowest
purity for the range used (namely to green of dominant
wavelength 547 nm, which has a purity of 83%). Mean
luminance for this experiment was increased up to 33
cd:m2.
As had been expected, the amplitude of both the
first- and the second-order kernels (Fig. 15A–C) was
maximal for red stimulation (dominant wavelength: 617
nm), dropped to zero at the neutral point of red:green
Fig. 6. (A) The effects of desaturation of green on the chromatic VEP. First- (K1) and second-order kernels (K2.1 and K2.2) recorded in a series
with green desaturation and constant luminance contrast (30%) (subject AK). Virtually no change in any of the waveforms was observed from
highly saturated green:grey stimulation (top trace) to achromatic stimulation (bottom trace). Mean luminance 24 cd:m2, scale bar represents 50
nV. (B) The effects of desaturation of red on the chromatic VEP. First- (K1) and second-order kernels (K2.1 and K2.2) recorded in a series with
red desaturation and constant luminance contrast (30%) (subject AK). There is a dramatic change in the latency and waveform with desaturation,
from a long latency wave for saturated red (top traces) to a shorter latency wave for achromatic stimulation (bottom trace). In the second slice
of the second-order response, maximally saturated red stimulation resulted in a single major peak with a latency of 135 ms, while with progressive
desaturation of the stimulus, a double peaked response (P100, P150) resulted. Mean luminance 24 cd:m2, scale bar represents 50 nV.
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Fig. 7. Effect of subtraction of the luminance signal from the combined luminance and (green) colour contrast recordings of varying saturation.
The resultant showed numerous small peaks without any systematic correspondence between saturation levels. Scale bar 100nV.
colour-opponent system, i.e. at equiluminant yellow
(dominant wavelength: 571 nm), and showing a slight
indication of recovery towards green. Note that wave-
form of the first-order response appeared to be chang-
ing polarity with respect to dominant wavelength at 570
nm.
This behaviour was shown by all subjects with nor-
mal colour vision, and is shown in Fig. 16A, by the
amplitude versus wavelength diagram for the second
slice of the second-order kernel (which demonstrated
the biggest response and best signal:noise ratio).
Such a small response to green stimulation (domi-
nant wavelength: 547 nm) was in accordance with the
results of heterochromatic and single colour experi-
ments as well as with the results of desaturation tests all
of which demonstrated an extreme bias toward red (617
nm), while a colour component sensitive to green was
practically unrecordable (a slightly bigger amplitude for
green stimulation in this case could be attributed to
higher mean luminance).
An interesting observation was made when the am-
plitude of the second slice was expressed on a logarith-
mic scale (see Fig. 16)—the form of the curve appears
similar to the saturation discrimination function for
normal trichromats [38].
Colouranomals (one protanope and deuteranope)
were also run using the same experimental paradigm.
As was anticipated (based on the performance of
colouranomals in colorimetric purity discrimination
tasks [39]), the colouranomals (both protanope and
deuteranope) did not show any measurable response,
neither in the first- nor in the second-order kernels. This
could be understood by bearing in mind the fact that
above the wavelength of 520 nm, the colorimetric pu-
rity threshold measured in the colouranomals (as a first
step from white) is flat, showing significantly reduced
sensitivity compared with data for normal trichromats.
The best purity discrimination of both protanope and
deuteranope according to Pokorny and co-workers [24]
is similar to the minimum (at 570 nm) of purity dis-
crimination of the normal trichromat. Thus, the sensi-
tivity of the VEP is probably not high enough to detect
it. Examples of the first- and the second-order kernels
from a deuteranope are presented in Fig. 17
5. Discussion
The main finding of this investigation is that the
chromatic VEP from normal trichromatic subjects with
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Fig. 8. (A) Effect of subtraction of the luminance contrast signal from the combined luminance and colour contrast (red) recordings. An extremely
uniform waveform is demonstrated for both first- and second-order responses, altering only in amplitude with the degree of saturation over the
range 90–200 ms. Scale bar 100nV. (B) Dependence of the ‘red component’ (remainder of the subtraction) of first- and second-order kernels on
the level of saturation of the stimulating red. The amplitudes are measured from the peak-to-peak amplitude of the prominent N105-P130:140
peaks.
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Fig. 9. (A) Modelling of the red saturation responses with a linear combination of two components, one being the achromatic stimulus response
at the same contrast level (30%), while the other was the ‘pure’ chromatic stimulus derived by subtraction of this achromatic response from the
most saturated red response. A good fit was achieved for all values of the luminance ratio. (B) Graphs of the fitting coefficients against saturation
for the first-order and K2.1 and K2.2 responses. In each case the luminance fit coefficient is virtually constant across the whole range while the
colour coefficient shows an almost linear increase with saturation. Scale bar 100nV.
normal colour vision contains an additional red-sensi-
tive ‘colour component’ compared with that seen un-
der achromatic stimulation conditions. Mono-
chromatic stimulation with green–grey exchange at
various luminance contrasts showed that the response
to stimulation with green differed little from achro-
matic stimulation at the same luminance contrast,
while red–grey exchange produced a response which
differed markedly in waveform, amplitude and peak
latencies from that seen with achromatic stimulation
at the same luminance contrast. Furthermore, the se-
ries of experiments using desaturation of red at con-
stant luminance contrast demonstrated that two
components very adequately described both the first-
and second-order kernels; one component that varied
linearly in amplitude with red saturation and the
other which was luminance contrast dependent and
independent of colour saturation.
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Fig. 10. Responses to heterochromatic green:red stimulation recorded from a protanope. The responses in both first- and second-order showed
a minimum at a luminance ratio G:(GR):0.35, with polarity reversal in the first-order. This corresponds very closely with the silent
substitution point for the M cone (shown by arrow) as well as corresponding to the subjective minimum flicker point for a red:green flickering
psychophysical stimulus. Note the simple form of the waves which provide no evidence for two separate components as seen in trichromats. For
comparison, the traces recorded from achromatic stimulation are shown at the bottom in the grey shadow boxes. Subject SS, scale bar 100 nV.
In both first- and second-order kernels, the major
peak of the red-sensitive (colour) component had a
longer latency than that for the achromatic response
with a lag of :20–30 ms, which is consistent with
previous research [12,14,40], and a triphasic negative-
positive-negative waveform. This waveform was com-
pletely absent in similar recordings from all of the
colouranomalous subjects.
Spectral sensitivity of the isoluminant pseudo-ran-
domly stimulated chromatic VEP in a range of 547–617
nm in colour normal trichromats also clearly demon-
strated colour-opponent character with biggest re-
sponse under red stimulation conditions (dominant
wavelength: 617 nm) and smallest, at the neutral point
for the red:green colour-opponent system (dominant
wavelength: 571 nm). Dichromats, however, did not
show any measurable responses to isoluminant stimula-
tion in this area of the spectrum.
5.1. Comparison with pre6ious chromatic studies
As the majority of earlier colour VEP investigations
use the appearance:disappearence of a colour contrast
grating (most frequently isoluminant red:green) on a
neutral background, it has been hard to separate the
relative influence of the particular (red or green) colour
from the pattern-dependent component in interpreting
the amplitude and form of the response [8–10]. How-
ever, the observation that diffuse red produces a more
powerful VEP response in humans and monkeys than
does green is not new [17,18]. Primate studies showed a
large increase of supragranular neural activity when
using red stimulation compared with green in monkey
area V1 [18]. This activity temporally overlaps activity
in luminance contrast generated layer IV activity and
significantly alters surface VEP waveforms. Colour
stimulation also produces larger amplitude and longer
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Fig. 11. Responses to heterochromatic green:red stimulation recorded from one of the deuteranopes (subject IK). The responses in both first- and
second-order showed a minimum at a luminance ratio G:(GR):0.6, with polarity reversal in the first-order (shown by arrow). This
corresponds very closely with the silent substitution point for the L cone as well as corresponding to the subjective minimum flicker point for a
red:green flickering psychophysical stimulus. Note the simple form of the waves with no evidence of two separate components. For comparison,
the traces recorded from achromatic stimulation are shown at the bottom in the grey shadow boxes. Scale bar 100 nV.
latency intracortical responses than does achromatic
stimulation and this tendency is also reflected in scalp-
recorded VEP [41].
Red sensitivity was also observed in 2-deoxyglucose
(2DG) uptake in monkey striate cortex [7]. Stimulation
of sectors of the visual hemifield with alternation of
diffuse colour in isoluminant pairs—red:grey, yellow:
grey, green:grey and blue:grey—resulted in differential
responsiveness to the various equivalent wavelengths.
Equiluminant (relative to grey) red and blue stimuli
produced robust 2DG uptake, while green and yellow
stimulation produced little or none. This study is of
particular interest to us because the stimuli employed
(video monitor, CIE x-, y-co-ordinates: red: 0.627,
0.326; green: 0.318, 0.586, corresponding to dominant
wavelengths of 620 and 552 nm, respectively) were quite
similar to ours. The authors suggested that such an
inequality in the effect of colour stimulation may be
caused by the closeness of the green stimulus to the
crossover-point for red–green colour-opponent cells
(558–573 nm), while the red should produce sufficient
cone contrast to evoke measurable responses.
Single cell studies suggest that striate cortex contains
four types of colour-sensitive cell with maximum spec-
tral sensitivity in the red, yellow, green and blue parts
of the spectrum [42], with the largest proportion of cells
possessing orange–red spectral preference [43]. Interest-
ingly, orientation selectivity and spectral sensitivity are
linked in V1 neurons, with midspectral cells demon-
strating the greatest orientation selectivity (similar to
that of achromatic cell orientation selectivity), while
end-spectral (red and blue) cells show the least [44]. On
the other hand, end-spectral cells respond quite well to
stimuli that are equiluminant, while midspectral cells
fail to respond, or respond only very weakly to such
stimuli, requiring higher luminance levels for optimal
response [45]. These results are in accordance with the
chequerboard model of the distribution of colour sensi-
tive cells in V1 [46], based mostly on physiological and
2DG studies of the cytochrome oxidase-rich blobs and
of the interblob regions [5–7,46] studies, in which red-
and blue-sensitive cells are associated with different
blobs while middle spectral sensitive cells (peak sensitiv-
ity around 550 nm) and achromatic cells are associated
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Fig. 12. Amplitude (modulus) derived from peak-to-peak amplitudes
of the major waveform peaks from K1 (110–150 ms), K2.1 (110–140
ms) and K2.2 (100–130 ms) as a function of G:(GR) luminance
ratio for the protan and deutan subjects. All amplitudes show a
minimum close to the respective silent substitution points for the
remaining cone type for both classes of colouranomal. The implicit
times of the peaks of the deuteranope K2.1 were markedly dependent
on luminance ratio.
5.2. Relation to psychophysics and the
brightness:luminance ratio
As shown in the flicker and brightness matching
experiment, the ratio of photometric values of white
required to match red and green stimuli at different
levels of saturation in the HBM compared with the
HFP task (the so-called brightness:luminance ratio,
[37]), show very similar results (see Fig. 14) to those
derived by Wyszecki and Stiles from desaturation of
red (dominant wavelength: 601 nm). Moreover, the
brightness:luminance ratio curve for red (Fig. 14)
demonstrated a striking resemblance to the behaviour
of the VEP ‘red colour component’ under conditions of
desaturation and is thus a possible psychophysical
equivalent of our electrophysiological measure.
5.3. Possible effects of blue cones and rods
Little influence of blue cones and rods is likely on the
results of our experiments because blue cones do not
substantially contribute to a colour detection process at
wavelengths above 550 nm, while the dominant wave-
lengths of the stimuli used in our experiments were 550
and 617 nm. Also, the small and central nature of the
retinal area of stimulation which we used in our analy-
sis is practically rod-free [48]. The relatively high mean
with interblob regions [47]. Thus, the anatomical and
physiological closeness (or identity) of green-sensitive
neurons to achromatic cells may well result in similar
response characteristics.
Fig. 13. Red desaturation series for one of the deuteranopes shows almost no effect, indicating almost a total lack of red sensitivity. Note that
the first slice of the second-order response shows a double peak while the second slice is characterised mainly by a strong negativity at 110 ms.
Scale bar 100 nV.
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Fig. 14. Psychophysical brightness:luminance ratio as a function of saturation measured for one subject (AK). Little effect was seen with green
saturation, the ratio reaching a value of only 1.2 for 100% saturated colour on the display monitor, while for red stimulation the maximum ratio
reached almost 2.5.
luminance of the stimulation used is another factor
which suggests a rather negligible effect of the rod
photoreceptors on the result of our study, in accor-
dance with other studies [13]. Thus, it is probable that
the L and M cones are the main carriers of colour
information for our stimuli.
5.4. Do the edges of the hexagons affect the response?
The 2° central hexagon used in this study is not,
strictly speaking, a diffuse stimulus but indeed has a
very low (0.25 cd:deg) fundamental spatial frequency. It
also produces sharp edges which can activate contour
detection mechanisms and thus possibly affect the
recorded response. There are, however, at least three
reasons to believe that it does not. Firstly, the polarity
of the response of the edge detectors should not depend
on the colours or polarity of the luminance contrast
forming the border. If we consider one particular bor-
der between central hexagon and any of it neighbours it
become clear that during the stimulation it has equal
number of transitions from ‘no border’ (both of the
hexagons are of the same colour) to ‘border’ (central
hexagon changes colour) conditions as well as from
‘border’ to ‘no border’ conditions. However, more im-
portantly, both types of transition start with equal
probability from both the first or second stimulus
(colour). Attachment of the sign ‘ ’ to the ‘second-to-
first’ stimulus condition signal leads thus to a cancella-
tion of the response as a whole. Secondly, the VEP is a
macular response with a major power produced by the
very central part of the retina. Thus, in the sense of the
extent of cortical representation, a 2° spot can certainly
be considered more like a diffuse than a patterned
stimulus.
And finally, we have repeated some of the experi-
ments using 4D lenses (in overcorrection) in order to
significantly blur the image and thus remove sharp
edges. The experiments yielded very much the same
results as described in this paper.
5.5. Why do we not record a green-sensiti6e VEP signal?
Several studies have shown that the neutral point (i.e.
the wavelength which produces equal excitation in both
L and M cones) for red:green retinal ganglion and
LGN colour-opponent cells is situated somewhere be-
tween 558 and 573 nm [49–52]. Spectral sensitivity
studies of human VEP presented in this paper showed a
close agreement with this data demonstrating a mini-
mum amplitude for stimulation by a dominant wave-
length of 571 nm, thus indicating red:green colour-
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Fig. 15. The first-order response (A) and the first and the second slices of the second-order response (B,C) recorded under equiluminant stimulus
conditions, using stimuli with different dominant wavelengths against grey, recording from a normal trichromat (subject LC). Both kernels
exhibited maximum amplitude for red stimulation (dominant wavelength: 617nm), zero amplitude for yellow (dominant wavelength: 571nm) and
demonstrated a slight recovery for green (dominant wavelength: 547nm). Scale bar 100nV.
opponent nature of the recorded signal. However, while
high mean luminance of stimulation was used in the
spectral sensitivity experiments (which probably allowed
us to extract a small green signal), in heterochromatic
and single colour experiments we employed significantly
lower mean luminance values (due to restrictions im-
posed by screen characteristics) and the response to
green most likely was below VEP threshold. Thus, while
the red of the computer display monitor (dominant
wavelength: 617 nm) produces a significant difference in
excitation of the L and M cones and evokes a consider-
able response from red–green colour-opponent cells,
green (dominant wavelength: 550 nm) is much less
effective in differentially exciting these cells. Thus, this
factor alone can partially explain the insensitivity of the
VEP waveform to green stimulation. However, the
presence of the distinct colour component even under
low saturation red stimulation conditions raises the
possibility that other factors (as suggested by Dow and
colleagues [45]) may also play a role. Such questions can
only be answered by further detailed studies.
Specific red responses may be initiated by activity of
the early elements of the colour processing pathway.
However, the long latencies and duration of the colour
evoked signal suggest a significant contribution from
higher cortical stages [18]. Thus, while the supragranu-
lar region (probably the blobs) of area V1 is also the
probable contributor, area V2 contains a similar degree
of complexity to supragranular area V1 with three
apparently independent stripe regions (thick, thin and
pale). The possibility of contributions to the surface
recorded VEP from area V4 have also been raised [41].
Further studies will be needed to resolve the issue of
source localisation.
5.6. Fast and slow non-linearities?
As was explained in Section 2, the slices of the
second-order kernel reflect temporal non-linearities at
different rate of stimulation. Thus, the first slice indi-
cates recovery of the response over an interaction time
Fig. 16. Peak-to-peak amplitude vs. wavelength for the second slice of
the second-order kernel expressed on a logarithmic scale. The colour-
opponent nature of the signal is indicated by a minimal (almost zero)
amplitude at the neutral point of the red:green colour-opponent
system (at a dominant wavelength of 571 nm). This log amplitude
curve looks very similar to the psychophysical saturation discrimina-
tion function for a normal trichromat.
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Fig. 17. Spectral sensitivity recorded from a deuteranope using white:colour equiluminant stimulation. Stimuli (dominant wavelength) used were
the same as for traces shown in Fig. 15 except that the luminance was equated for a particular colouranomal by the method of heterochromatic
flicker photometry. The first- (A) and the first two slices of the second-order kernel (B,C) are shown. Subject IK, scale bar 50 nV.
of 15 ms, the second slice over an interaction time of 30
ms, and so on. The results presented in this paper
indicate that the amplitude of the late (colour) compo-
nent was relatively bigger in the second slice of the
second-order kernel compared with the first slice (see
for instance red desaturation series). This fact, in our
opinion, reflects a faster recovery time of the luminance
component compared with that for the colour
component.
5.7. P and M pathways and the generation of the
temporal non-linearities
Temporal analysis of the achromatic VEP [53] (at a
much higher mean luminance) suggested, on the basis
of contrast response functions, that the first slice of the
second-order response (K2.1) was dominated by the
activity of the pure luminance M-pathway, while the
second slice was chiefly generated by elements of the
P-pathway (presumably due to a much more rapid
recovery of the M-pathway to visual stimulation).
However the behaviour of the both slices of the
second-order kernel seemed to be more complicated in
chromatic, cf. achromatic stimulation in that a signifi-
cant asymmetry relative to the isoluminant point was
observed in the second-order responses (see Fig. 3),
indicating a significant contribution of the red-sensitive
(colour) signal to the first slice. The strong contribution
of the red-sensitive component to the first slice of the
second-order response is not unexpected. The overall
amplitude of this signal for saturated red is at least as
large as that evoked in the putative M and achromatic
P responses at high luminance contrast.
Domination of the red-sensitive signal in the second
slice of the second-order kernel (contrary to the first
slice where both the colour component and the shorter
latency ‘luminance’ component contribute) in colour
VEP recordings from trichromatic subjects gives an
indication of a slower temporal recovery rate of this
red-sensitive (colour) process compared with the puta-
tive M-generated non-linearity. Also there is good evi-
dence for the convergence of both M and P signals into
the blob regions of layers II and III of striate cortex,
including remarkably high temporal frequency encod-
ing some single blob cells [54].
5.8. Chromatic VEP in colouranomals
The resolution of possibilities for the generation of
chromatic signals in colournormals can help with the
interpretation of the results found in the colouranoma-
lous subjects. Because colouranomals lack one of the
photopigments responsible for transmission of colour
signals in the middle- to long-wavelength part of spec-
trum (blue cones do not contribute significantly in this
part of the spectrum) their colour sensitivity is signifi-
cantly reduced in this spectral region [55] and their VEP
(at least in this spectral range) is determined solely by
the luminance channel which is unaffected and which is
based on the remaining cone type (L or M).
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The red-sensitive waveform demonstrated in subjects
with normal colour vision was completely absent in
similar recordings from colouranomalous subjects, in-
cluding the deuteranopes recorded whose heterochro-
matic minimum flicker point corresponded very closely
with the calculated silent substitution point for the L
cone pigment, suggesting normal L cone sensitivity.
Thus this lack of a red-sensitive component in the
deuteranopes would indicate a likely colour-opponent
source for the colour component recorded in colour
normal subjects, and is most probably a reflection of
the fact that a colour opponent system in which the
centre and surround (at the level of the retinal ganglion
cells) are fed by one and the same cone type is likely to
have little output except in terms of single cone contrast
which equates with luminance contrast in these sub-
jects. This conclusion was supported by the absence in
colouranomals of any measurable VEP responses in the
spectral sensitivity experiments (spectral range between
547 and 617 nm).
This result is in agreement with previous research
[13,56]. Thus, Kinney and McKay demonstrated that
while colour normals give a response to both luminance
and colour contrast stimulus modalities, colour defec-
tives show responses only to luminance contrast with
no response to isoluminant hues [56].
5.9. Independence of chromatic and achromatic signals?
The result presented in this paper clearly indicate the
presence of two independent components in human
pseudo-randomly stimulated chromatic VEP. This lack
of interaction was observed in both the first-order
response and for the second-order kernels where neural
generator recovery is being measured. At present, one
could only speculate whether a single neural population
could manage the feat of responding to both luminance
and chromatic contrast signals with virtually no inter-
action between the two (as demonstrated in the desatu-
ration series).
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